The understanding of ozonation in bubble columns is the first step to describe this process for organic and inorganic pollutants in water medium in this equipment. This paper developed mathematical models for decomposition of ozone in liquid phase, with analytical solution for zero, first and second-orders kinetics for different pH values, with and without gaseous phase mass transfer effect in the ozone transfer to the liquid phase. The results models are satisfactory when compared with experimental data, and indicate the importance to consider such effects.
Introduction


Water is the most precious liquid for life as we know. Its treatment process usually includes coagulation, flocculation, clarification, sedimentation, filtration and disinfection, that when applied to water sources contribute to the microorganism's reduction of public health concern. The disinfection process is a way in which certain undesirable organism characteristic is eliminated. In the water treatment, its disinfection can be done by chlorination [1] . Ozone, for example, seems to be superior to chlorine in terms of both contact time, and chemical concentration needed for disinfection for micro-organisms, such as Escherichia coli (bacteria), Clostridium bifermantens, Bacillus subtilis, B. cereus (bacterial spores), the cysts of Entamoeba histolytica (the pathogen responsible for amoebic dysentery) and the Coxsackie virus [2] . Although ozone has been shown to be an excellent disinfecting agent for drinking water, it indicates for oxidation of many other organic compounds [3] , including pharmaceuticals and pesticides [4] . Ozone presents some important properties, such as powerful ozonation in bubble columns is the first step for comprehension to modelling all organic and inorganic pollutants in water medium in this equipment.
The objective of this paper is to present simplified mathematical models, with analytical solution, to describe the ozonation in a bubble column, using gas mixture of oxygen and ozone, with ozone transferred into water for its decomposition. The ozone decomposition can be described by kinetics of zero, first or second order, depending on the pH of the solution, and the assessment of the effect of mass transfer for the gaseous phase, for which it used the plug-flow and axial dispersion descriptions.
Fundamental
The overall mass transfer mechanism in ozonation process involves the O 3 transfer from gaseous phase to an interface gas-liquid, and then into to bulk liquid [11] , with reaction in this phase. Due to slight solubility of ozone in water, the gaseous phase resistance is usually considered negligible, and the concentration gradient within the liquid phase film controls the ozone mass transfer rate towards the bulk fluid [8] . In this case, the mass transfer experiments are typically carried out in bubble columns in which it is a cylindrical vessel with a gas diffuser to sparge ozone in a gaseous state into either a liquid phase or a liquid-solid dispersion. This equipment can be employed in several applications, such as alkylation reactions, polymerization, hydrogenation, and in the manufacturing of synthetic fuels by gas conversion processes, in fermentation and biochemical processes effluent treatment, Fischer-Tropsch synthesis, and coal liquefaction [12, 13] . In liquid treatment applications, ozonation is limited by mass transfer process, fluid dynamics, thermodynamic and design aspects [14, 15] .
Models for Ozonation
The mass transfer modeling for ozonation occurs from material balance in a volume element, present inside the equipment, which, for mobile phase, discrete phase or gaseous phase in case of bubble column, can be explained in one direction as:
where ε G is the gas holdup, and the accumulation term, A, includes the contributions of mobile phases by solute concentration in the gaseous phase, C G , and its concentration in the liquid phase, C L , according to:
The mass of solute in axial direction (z), F A,z , flow through the volume element can be identified as:
E L is the axial dispersion coefficient; u G , interstitial velocity of gaseous phase from u G = v G /ε G , with the superficial velocity v G = Q/Area, in which Q, is volumetric flow of gas mixture, and Area refers the area of cross section (πD 2 /4; D, column diameter).
In reason to describe the ozonation process, the gaseous phase is assumed, here, as a mixture of oxygen and ozone, while liquid phase is distilled water in isothermal and isobaric conditions. It is assumed one-dimensional flow of mobile phase, injected continuously inside the column, and its velocity remains constant on it. There is no reaction in gaseous phase, and the ozone concentration in the interface gas-liquid obeys Henry's law. For liquid phase, the following hypotheses are considered: ozonation is semi-batch process, where liquid behaves such as stationary phase, due to its null velocity. The ozone decomposition takes place in this phase as well as it rules the global mass transfer resistance, and the ozone transport follows the overall mass transfer linear model by: 
with H being the Henry modified constant. K L a is the overall mass transfer coefficient given by:
Due to assumption of liquid phase which is the limiting process, Eq. (6) is simplified as:
The solution of the model described by Eqs. (1) up to (4) , in addition to the initial and boundary conditions, presents high complexity level. In Ref. [16] , for example, it is employed a description for bubble diffuser contactor, using the Navier-Stokes equations to simulate the hydrodynamics of bubble columns. But, there are studies that simplified the approach, and pass necessarily by establishing assumptions, including the maintenance of constant velocity of mobile phase inside the column. Still, the model obtained from the equation is complex, in special for chemical reaction specification, requiring numerical techniques for its solution. However, when one assumes:
It is possible to obtain analytical solution for n = 1 and n = 2 [17, 18] , with k D , constant reaction kinetics. For specific case of ozonation, in Ref. [19] , there is a mention that literature reports the decomposition order with respect to the concentration of ozone range from 0-2, which will be studied in the present work. Considering the liquid phase is the limiting process, with chemical reaction described by Eq. (8) with general-order kinetics of n, Eq. (4) 
In the situation where the effect of mass transfer in the gaseous phase was not considered, the relationship of balance in relation to the ozone concentration in the gas mixture in the feed of the reactor, C Gf , i.e.
This implies the variation of ozone concentration of gaseous phase be so insignificant that it remains constant along the height of the reactor. On the other hand, when considering the mass transfer effect in such a phase, it can be assumed it subject to flow plug-flow with axial dispersion and constant interstitial velocity, according to:
Eq. (11), considering Eq. (10) is:
If ones define the dimensionless concentration of ozone in gaseous phase,
the dispersion number, β, is the inverse of the Peclet number for mass
and the transfer unit height dimensionless, α
Eq. (12) is:
with the boundary conditions:
resulting in the following distribution of ozone 
For ideal plug-flow in gaseous phase, β → 0 or Pe M → ∞, Eq. (17) assumes the form:
with the boundary condition
As can be noticed, it presented considerations about the mass transfer effects in the gaseous phase. However, the fundamental hypothesis that rules the present study refers to liquid phase, where the basic resistance to mass transfer occurs, and the ozone self-decomposition takes place. In this case, in Ref. [18] , it is assumed the ozone concentration, in liquid phase, during the time of rise of gas bubbles, remains virtually constant at an average value between its value at inlet and outlet concentration in the reactor. So, Eq. (9) assumes the form:
The driving force   L * L C C  can be defined from Eq. (13), or:
which, considering Eq. (5), is put as
To obtain the parameter , which is dimensionless average concentration of ozone in gaseous phase, it is possible to use the Eq. (32):
The parameter indicates the influence of mass transfer of gaseous phase. In the absence of such influence:
resulting from Eq. (29),
Considering the mass transfer effect in the gaseous phase, it is can be done considering the plug-flow with axial dispersion. It is possible to replace Eq. 
where the constants C 1 , C 2 , r 1 and r 2 are obtained from Eqs. (21) up to (24) . If, now, someone intends to consider plug-flow ideal for gaseous phase, it is enough to substitute Eqs. (27) into (32), resulting:
with α given by Eq. (16).
The effect of ozone self-decomposition can be considered from Eq. (6), through equation order, n. So, the solution of Eq. (31) for zero-order kinetic (n=0) to the decomposition of ozone in liquid phase is: 
The value depends on the hypothesis assumed, i.e. which comes from results presented in Eqs. (33), (35) or (36). For first-order kinetic (n = 1), the solution for Eq. (31), is given by:
with Damköller's number given by Eq. (38). In case of second-order kinetic (n = 2) for the decomposition of ozone in liquid phase, the solution for Eq. (31), is
with
The full description of the model depends on constitutive equations for fluid dynamics characteristic, such as gas holdup, ε G ; reaction kinetic constant, k D ; equation for thermodynamics related, for example, with solubility or Henry's constant, H; and mass transfer information for overall mass transfer coefficient, k L a, and axial dispersion coefficient, E L . The selection of the appropriate values for these parameters depends on, strongly, the experimental reference, such as temperature, pH, column characteristics (diameter, D; gas diffuser), gas and liquid flow.
Experimental Reference
The experimental system evaluated is found in Ref. [20] . The ozonation system is composed of O 3 generator and its monitoring of the gaseous and liquid phases, ozone destruction unit. The pH was adjusted 
with T in Kelvin. This correlation presents 6.85% relative deviation from experimental value, at T = 21 °C and pH = 7, found in Ref. [27] .
Results
In order to evaluate the different assumptions that guide the models presented here, the results are as follows: it is fixed pH value and as well as the effect of mass transfer in the gaseous phase: without gaseous mass transfer effect; plug-flow mass transfer effect; axial dispersion mass transfer effect. Fig. 1 up to 9 show the comparison between experimental and model results for ozone concentration in the liquid phase, with pH 5.0, 7.5 and 9.0, respectively.
The decreasing of the ozone concentration in the liquid phase is noticed with pH increasing in all cases studied. For pH = 5, there is no significant difference for reaction order. On the other hand, for pH = 7.5, except n = 2 and ideal , all models describe, reasonably, the experimental results. Note, for comparison between the results from the models and experimental ones, that the proposition of first-order kinetics is suitable for pH = 9.0, confirming the assumption found in Ref. [25] . The variation in reaction rate coefficient as a function of extent of reaction may well be due to the autocatalytic nature of the reaction, and the probable explanation for this time-variant behavior of the reaction order with respect to ozone concentration again relates to the proposed autocatalytic mechanisms of reaction [19] .
It is important to add that, at low pH, direct reactions predominate in acid solutions, whereas indirect reactions by free radicals form a significant section of ozonation in base pH [8] . Ozone decomposition occurs by an alkaline medium triggered complex chain reaction and produces hydroxyl free radicals (HO 2 and HO) [7] . Hydroxyl free radicals are more reactive and less selective than ozone in an aqueous medium [28] , and according to von Gunten [29] , the increment of pH benefits the ozone decomposition. For high pH, molecular ozone dissolved in a liquid medium was consumed by the hydrogen peroxide produced [30] , since the hydroxide ions start the decomposition of ions according to Legrini, et 
Despite on assumption from Eq. (7), the inspection of Figs. 1 to 9 permits to see the effect of the mass transfer of gaseous phase in the ozone transfer to the liquid phase, characterized by parameter , whose values are presented in Table 1 . It is noticed that this influence becomes more pronounced with increasing of the mass transfer complexity in gaseous phase, decreasing, for consequence, the ozone concentration in the liquid phase.
In the present work, it verifies that, for pH = 5, the models describe satisfactorily the experimental results with considering effect of mass transfer for gaseous phase, specially for transient stage. For pH=7.5, the mass transfer effect is observed for n = 0 (with ideal = 0.751), and the model for pH=9.0, with n = 1 and the ideal plug-flow for gaseous phase flow, ideal = 0.753, presents a good concordance with experimental values, particularly in saturation stage. This observation suggests the indicative of effect of the mass transfer in gaseous phase complexity increase with pH reduction, and this effect can be described by ideal plug flow in gaseous phase or Pe M → ∞.
Conclusion
The bubble column can be specified as typical reactor to ozonation process due to assumption of liquid phase as limiting process. Usually this classical concept is associated with gas solute solubility level in the liquid medium. However, the ozone decomposition process in water is affected, in molecular aspect, by pH and liquid temperature as well as, in macroscopic view, by reactor configuration, and the fluid dynamics involved on it, such as mixture phenomena, including those ones associated with gaseous phase. In this work it was analyzed models for the description of the ozonation process in a bubble column. For acid medium, the specific reaction order has no significant influence on the kinetic description of ozone decomposition, and it can be done for zero, first or second order. On the order hands, there is an indication of the tendency of the decrease in the order of reaction with increasing of the medium pH. There is clear effect of the mass transfer in gaseous phase in the ozone transport in the liquid phase, influencing its mass transfer coefficient, being more important with pH increasing.
